Abstract: Nicotinic acetylcholine receptors (nAChRs) fulfill a variety of functions making identification and analysis of nAChR subtypes a challenging task. Traditional instruments for nAChR research are d-tubocurarine, snake venom protein α-bungarotoxin (α-Bgt), and α-conotoxins, neurotoxic peptides from Conus snails. Various new compounds of different structural classes also interacting with nAChRs have been recently identified. Among the low-molecular weight compounds are alkaloids pibocin, varacin and makaluvamines C and G. 6-Bromohypaphorine from the mollusk Hermissenda crassicornis does not bind to Torpedo nAChR but behaves as an agonist on human α7 nAChR. To get more selective α-conotoxins, computer modeling of their complexes with acetylcholine-binding proteins
Introduction
Nicotinic acetylcholine receptors (nAChRs) have been in the focus of researchers interested in fundamental problems of neurobiology, pharmacology and drug design for several decades. The reason is a widespread distribution of different types and subtypes of muscle-type, neuronal and so-called "non-neuronal" nAChRs in the organism and their involvement in such diverse normal physiological processes as muscle contraction, cognitive functions such as learning and memory, participation in the pain signal transduction, neuroprotection and regulation of the immune responses (see recent reviews [1] [2] [3] ). Malfunctioning of nAChRs due to impaired expression levels, mutations or interactions with "wrong" partners (e.g., β-amyloid) are more or less directly associated with diseases such as myasthenia gravis, epilepsy, schizophrenia, Alzheimer's and Parkinson diseases and nicotine addiction [4] [5] [6] . Spatial structure (cryo-electron microscopy at a resolution of 4 Å) is available only for the muscle-type nAChR from the electric organ of Torpedo marmorata ray [7, 8] . Nevertheless, very rich information is compiled about the three-dimensional organization, topography of binding sites and mechanisms of action for the nAChR major types based on the Torpedo receptor 3D structure, computer modeling and the X-ray structures of the acetylcholine-binding proteins (AChBPs) [9, 10] , which are excellent models of the ligand-binding domains of all nAChRs. Even more interesting are the AChBP crystalline complexes with various cholinergic agonists: carbamylcholine and nicotine [11] , epibatidine [12, 13] , as well as with antagonists: d-tubocurarine [14] , snake venom α-neurotoxins [15, 16] , and α-conotoxins from Conus marine snails [10, 17, 18] . These studies have provided valuable information about the topography of the nAChR ligand-binding sites and the interacting surfaces of the bound ligands, thus shedding light on the mechanisms of action and giving hints for the design of novel drugs. It is appropriate to mention here that both low-molecular compounds and α-neurotoxins were instrumental at the earlier stages of isolation and characterization of nAChRs (see reviews [19, 20] ) and their role of accurate pharmacological tools are retained at the present time as well. For example, fluorescent derivatives of α-bungarotoxin are excellent tools for detecting neuronal α7 nAChRs [21] , cytisine allows to distinguish between certain heteromeric neuronal nAChRs [22] . The most excellent tools for identification and quantification of a variety of neuronal nAChRs (even those differing in the stoichiometry of the same subunits) are naturally-occurring α-conotoxins and their synthetic analogs [23] [24] [25] . The purpose of this mini-review is to briefly consider new results on low molecular compounds from natural sources as well as on peptide and protein neurotoxins, focusing on our recent results in this field.
Low-Molecular Weight Agonists and Antagonists of nAChRs

Short Summary of Well-Known Agonists and Antagonists of nAChRs
We would like to start this section with a summary of those compounds, which are well known and continue to play important roles in research on the nAChRs (Table 1) . 
nAChR Antagonists and Agonists of Marine Origin
Of special interest are compounds from various marine sources. For many of them the action on nAChRs has been discovered relatively recently. Groups of compounds such as pinnatoxines, spirolides and gymnodimines produced by dinoflagellates could easily be accumulated by pabular shellfish and cause serious poisoning [26] . Their toxicity appears to be realized through the interaction with nAChRs [27] and muscarinic acetylcholine receptors (mAChRs) [28] characterized by nanomolar affinity, whereas cytotoxic effects were absent [29] .
In the recent work [30] it has been shown that several marine natural compounds (some are shown in Figure 1 ) potently inhibit muscle-type and α7 nAChRs. Among them are sphyngolipid rhizochalin (1) and its aglycone, pyrroliminoquinones makaluvamines C (2) and G, cyclic guanidines crambescidin 359 (3) and monanchocidin, ergoline derivative pibocin (4) and naphthyridine derivative aaptamine (5) . Therefore, nAChRs may be important targets for marine toxins. In view of the great number and versatility of natural products, the question how to predict whether one or another compound will interact with nAChRs is becoming crucial in optimizing a search for potential drug candidates. Molecular docking of low-molecular weight compounds to the X-ray structures of AChBP provides reasonable predictions of the affinities at a low computational cost [30, 31] . Such computer modeling was the first step in the analysis of the above-mentioned compounds.
All compounds, for which we revealed interactions with the muscle-type and α7 nAChRs, acted as antagonists. Finding agonists, especially selective ones, might be even more interesting, because activation of neuronal nAChRs at certain conditions can be considered as a way of treating neurological pathologies [32] . For example, α7 nAChR activator EVP-6124 shows positive results in clinical trials of treating conditions such as schizophrenia [33] ; ABT-594 is a less toxic epibatidine analog with analgesic properties [34] . Recently we found that 6-bromohypaphorine (6) from marine nudibranch Hermissenda carassicornis acts as an agonist at human α7 nAChR and, moreover, possesses a certain selectivity towards distinct nAChR subtypes [35] . 
α-Conotoxins and Other Peptides Interacting with nAChRs
Naturally-Occurring α-Conotoxins from Conus Marine Snails
Among the peptides capable of interacting with one or another nAChR subtype are apolipoprotein E (ApoE) fragments, calcitonin gene related peptide (CGRP), β-amyloid peptides 1-40 and 1-42 and some others, which were presented in detail in the review [24] . However, peptide neurotoxins (conotoxins and conopeptides) from venomous Conus marine snails are the most important and widely applied. Various types of α-conotoxins block nAChRs, and their advantage over all other cholinergic compounds is that some representatives of this family not only allow to distinguish muscle-type nAChRs from various neuronal subtypes, but also show more or less strict selectivity towards a distinct neuronal subtype. The importance of α-conotoxins both for fundamental research and for medicinal applications was discussed in several reviews [36] [37] [38] . In particular, α-conotoxin RgIA, which binds to the α9 nAChRs, is investigated as a potential analgesic [39] . However, naturally occurring α-conotoxins show a combination of high affinity with strict selectivity to a particular nAChR subtype, which is extremely rare. For this purpose several solutions have been proposed. In recent years, the number of available α-conotoxin sequences has increased considerably due to getting the Conus species from new areas (for example, from coasts of South Africa, South China, Australia, India, Vietnam, and Mexico) and isolating novel peptides either from minute amounts of venoms or by the analysis of mRNA and deduction of the putative conotoxins from the sequences of the precursors [40] [41] [42] [43] [44] [45] [46] [47] [48] .
Design and Synthesis of More Potent and Selective α-Conotoxin Analogs
Another approach to increase the affinity and/or selectivity of α-conotoxin towards a desired nAChR subtype consists of introducing one or several substitutions into the amino-acid sequences of the naturally occurring α-conotoxins. One of the first analogs with the increased selectivity for the α7 nAChR, namely ArIB[L11, D16], was obtained by introducing two substitutions into naturally-occurring α-conotoxin ArIB [49] . The affinity of α-conotoxin ImI for α7 nAChR was increased by about 10-fold by analyzing a combinatorial library [50] . Similarly, in a combinatorial library, a potent and selective analog inhibiting α3β4 nAChR was identified [51] . Introduction of three substitutions to α-conotoxin MII acting on the α3β2 and α6 subunit-containing nAChRs made it much more selective towards the latter subtypes [52] . Moreover, an α-conotoxin analog has recently been designed which not only distinguishes the α6 subunits but is also more selective to α6β2 subtypes than α6β4 ones [53] .
It should be noted that for detecting the involvement of a particular nAChR subtype in the physiological process it is sufficient to apply a selective α-conotoxin, which would block the current induced in the receptor of interest. On the other hand, localizing that receptor in brain and other tissues requires an appropriate label (radioactive or fluorescent) to be attached to α-conotoxin and to preserve a sufficiently stable binding of the modified α-conotoxin to the examined tissue. This requirement creates additional problems because most of α-conotoxins, even those showing a high affinity, are characterized by very fast rates of association and dissociation from their nAChR targets. In several cases this problem was successfully solved by introducing suitable labels into the sequences of naturally occurring α-conotoxins. For instance, radioactive analogs of a relatively slow dissociating α-conotoxin MII are widely used for mapping α3 and α6 subunits-containing nAChRs in tissue slices [54, 55] . However, fluorescent labeling modifies α-conotoxins and restricts their area of application mostly to cytochemistry. For example, Alexa Fluor 546-BuIA was applied to stain β4 subunit-containing nAChRs on human chromaffin cells of the adrenal gland [56] , FITC-MII was used to study nAChRs in the neuroblastoma cell line SH-SY5Y [57] and Cy3-and Alexa Fluor 546-ArIB[L11, A16] labeled α7 nAChRs in cultured hippocampal neurons [58] .
In most cases a search for suitable α-conotoxin analogs proceeds along the "trial and error" roads, and the success is hardly predictable. Because the first crystal structure of α-conotoxin in complex with AChBP was that of α-conotoxin PnIA[L10, K14] [10], we continued a search for more efficient α-conotoxin analogs based on the X-ray data and applied various methods of computer modeling. Using earlier available computational methods, we managed to increase the affinity of PnIA[R5,L10,R14] both for the AChBP and α7 nAChR [59] (see also Table 2 ). An important step was the comparison of affinities for α-conotoxin analogs assessed either via competition with radio-iodinated α-Bgt or with an iodinated form of a new PnIA analog. In the latter case the measured affinities were about 10-fold higher (Table 2 ). This is of practical interest because in most cases the affinities of novel compounds for AChBPs or α7 nAChR are measured via their competition with radio-iodinated α-Bgt. However, because of the virtually irreversible attachment of the latter to the above targets, measurements are difficult and should be made very quickly. A novel program for assessing the protein-protein interactions [60] named "protein surface topography" was created at the Shemyakin-Ovchinnikov Institute. The essence of this technique is an approximate representation of the structures of small peptides as a sphere and the physico-chemical properties (charges and hydrophobicity) over their surface as projection maps.
A comparative analysis of bioactive peptide groups with the help of these maps makes it possible to detect the fine specific structure-function features in a set of molecules similar in their structures and properties, as well as to find out their correlations with peptide activities towards certain targets. We applied the program in an attempt to create novel PnIA analogs of higher affinity for α7 nAChR and/or AChBPs. The data on activities (as IC50 values) of 16 α-conotoxin PnIA analogs from [59] , as well as the available published affinity parameters for the α-conotoxins ArIA, ArIB, GID, TxIA and several others (39 molecules in total) were used in computations (for a detailed description of "protein surface topography" application towards α-conotoxin PnIA refer to [61] ). The constructed "averaged" map suggested that the introduction of positively charged residues in positions 5, 9 and 14 of α-conotoxin PnIA would "optimize" the electrostatic properties and result in a gain of affinity towards α7 nAChR and AChBPs. Apart from these substitutions, it is known that the [A10L] mutation improves the target affinity. In total, three new analogs-PnIA[R9], PnIA[R9, L10] and PnIA[R5, R9, L10, R14]-were selected ( Table 2) . 
]-αBgt) or radioiodinated α-conotoxins for binding to AChBPs and human α7 nAChR. In electrophysiological experiments, the capability of the peptides to decrease the nicotine-induced current was estimated. The presented IC50 values (in nM) were calculated using ORIGIN 7.5 with the joint data from two or three independent experiments for each analog. The color marks the residues for substitutions. These data also confirm our previous results: Analysis of compounds with potential cholinergic activity in competition with radio-iodinated α-conotoxins is more convenient and allows obtaining more accurate values for the affinity of tested compounds, especially of those which have a relatively low affinity for nAChRs.
It is also interesting to compare the affinities measured either via competition with radio-iodinated α-Bgt or α-conotoxin PnIA analogs or by decrease in the nicotine-induced current. Radioligand analysis is the only choice when evaluating the affinity against AChBPs, but electrophysiology appears to be more preferable when working with the nAChRs because there is no underestimation of the affinity parameters.
nAChR -Inhibiting Peptides from Snake Venoms
It should be mentioned that some snake venoms also contain peptide neurotoxins, which can block nAChRs, although their number is much smaller than that of known α-conotoxins from Conus marine snails. Waglerins isolated from Tropidolaemus wagleri pit-viper [62] are composed of 22-24 amino acid residues with one disulfide bond. These peptides selectively block the adult (epsilon subunit-containing) form of the muscle nAChR. Recently, we characterized a peptide neurotoxin azemiopsin in the venom of Azemiops feae viper [63] . It consists of 21 residues, does not contain cysteine residues and shares a homologous C-terminal hexapeptide with waglerins (see Figure 2b for a putative structure representation). Azemiopsin efficiently and concentration-dependently blocked acetylcholine-induced currents in Xenopus oocytes heterologously expressing human muscle-type nAChR and was more potent against the adult form (α1β1εδ) than the fetal one (α1β1γδ) It competed with α-bungarotoxin for binding to both Torpedo and human α7 nAChR, being more active against the Torpedo receptor. Interestingly, two proline-rich peptides from the olive whip snake Psammophis mossambicus, post-translationally cleaved from the propeptide domain of a metalloproteinase precursor, manifested specific inhibition of mammalian neuronal α7 nAChR [64] . [65] , c-dimeric α-cobratoxin X-ray structure [66] , d-NMR structure of water-soluble Lynx1 domain [67] , e-vurtoxin molecular model built by homology to ammodytoxin (PDB 3G8G), f-homology model for C-type lectin-like protein from Bitis arietans venom. Homology models are built using SWISS MODEL service [68] .
Proteins Interacting with nAChRs
Monomeric and Dimeric α-Neurotoxins and Non-Conventional Toxins
First of all two groups of the three-finger toxins from snake venoms should be mentioned here, namely α-neurotoxins and those weak (or non-conventional) toxins which target nAChRs [69] . α-Neurotoxins from the three-finger toxin family are classical ligands of nAChRs. Several recent reviews consider in details different properties of α-neurotoxins (see, for example, [70, 71] ). However, some new structural and functional variations among α-neurotoxins should be mentioned here. Thus, an atypical long-chain three-finger toxin, α-elapitoxin-Dpp2d, was isolated from the black mamba (Dendroaspis polylepis) venom [72] . This toxin has an amidated C-terminal arginine and potently inhibits α7 neuronal nAChR (IC50 58 ± 24 nM) and muscle-type nAChR (IC50 114 ± 37 nM), but does not affect α3β2 and α3β4 nAChRs at 1 μM concentrations. The activity data suggest that amidation does not significantly affect toxin selectivity. Two long chain three-finger toxins, α-elapitoxin-Aa2a and α-elapitoxin-Al2a were isolated from Australian elapids Acanthophis antarcticus and Austrelaps labialis, respectively [73, 74] . Possessing a significant homology to the classical long-chain α-neurotoxins, α-elapitoxin-Al2a has only weak affinity for neuronal α7 nAChR (IC50 1.2 μM) while α-elapitoxin-Aa2a practically lacks the affinity for this receptor (KI 214 μM).
Although the species difference for the interaction of α-neurotoxins with nAChRs was observed quite a long time ago [75] , similar data for other neurotoxin types have only appeared recently. Thus, a non-conventional toxin denmotoxin has a much stronger specificity to chicken muscle nAChR than to mouse muscle nAChR [76] . Another example is fulgimotoxin from the venom of Green Vinesnake (Oxybelis fulgidus), which retains the canonical five disulfides of the non-conventional three-finger toxins and is highly neurotoxic to lizards; however, mice are unaffected [77] .
Among relevantly new results is the discovery of covalently bound dimeric α-cobratoxin [78] (Figure 2c ) and irditoxin, a covalently linked heterodimeric three-finger toxin [79] . The latter possesses taxon-specific lethality toward birds and lizards and was nontoxic toward mice.
Historically, α-bungarotoxin derivatives have been used for histochemical staining of α7 nAChRs in the brain. However, the discovery of the high affinity of α-bungarotoxin to α9 and α9/α10 nAChRs requires an additional examination of the α-bungarotoxin histochemical staining specificity. A sound approach would be at first to probe the histochemical protocol using knockout tissues and then to proceed with its application for specific tasks, such as staining of α7 nAChRs on primary afferent neurons or on immature granule cells of the postnatal dentate gyrus.
What should be emphasized is that the data showed that α-neurotoxins, considered to be specific labels for several nAChR subtypes, might also have some additional targets. For example, about a decade ago it was shown that α-bungarotoxin could bind to and inhibit one rare nonfunctional form of GABAA receptor [80] , but recently, at higher toxin concentrations, the inhibitory effects of α-bungarotoxin were also registered against the functional GABAA subtypes [81] .
Three-Finger Ly6 Proteins of the Non-Venomous Origin
There is another group of 3-finger proteins that interact with nAChRs. These are certain members of the large Ly6 family, such as Lynx1 (Figure 2d ), SLURPs 1 and 2, Drosophila protein SLEEPLESS (SSS) and some others (see reviews [69, [82] [83] [84] ). Most of Ly6 proteins (Lynx1 among them) are attached to the membrane surface by a glycosylphosphatidylinositol (GPI) anchor, while some others (i.e., SLURPs) are secreted water-soluble proteins. The mechanisms of Ly6-nAChR interactions are not yet clear: in most cases the result is a decreased activity associated with the nAChR involvement. There are theories that these modulatory actions are realized via binding of the Ly6 proteins to the ligand-binding domains of nAChRs, but the information about the binding modes is just starting to become clear [67, 85] . On the other hand, there are recent data indicating that a modulation might proceed in the endoplasmic reticulum via the interactions with the nAChR subunits not yet assembled into the functional receptor complexes [86] . In a similar way, Ly6h protein in the rat brain influences functioning of α7 nAChR by diminishing its trafficking [87] . A common structural feature of all Ly6 proteins is the presence of an additional fifth disulfide not in the central loop II, like in the long-chain α-neurotoxins, but in the N-terminal loop I, like in the non-conventional neurotoxins [88] . In parallel to the earlier mentioned interactions of α-bungarotoxin not only with the α7 and muscle-type nAChRs but also with the GABAA receptors, the Ly6 proteins also bind to other targets. A water-soluble analog of Lynx1, lacking its GPI anchor, interacts not only with the muscle-type and neuronal nAChRs, but also exerts a modulatory effect on the M3 muscarinic acetylcholine receptor [67] . Similarly, allosteric effects on the muscarinic acetylcholine receptors were registered for the non-conventional weak toxin WTX from the Naja kaouthia cobra venom [89] , which is an efficient blocker of the muscle-type and neuronal α7 nAChRs [90] . Surprisingly, a sleep-inducing activity of the Drosophila Ly6 protein SLEEPLESS (SSS) is realized by attacking two absolutely different targets: Drosophila nAChRs (inhibition) and/or potassium Shaker channel (activation). In vitro experiments on the cell cultures have demonstrated that Lynx1 can also bind to these targets [91] .
Snake Venom Phospholipases A2 and C-Type Lectin-like Proteins as Inhibitors of nAChRs
nAChRs are large molecules built of five membrane-spanning subunits. They have binding sites for different classes of compounds (agonists and competitive antagonists, positive and negative allosteric modulators, steroids and channel blockers) scattered over their exposed extracellular or cytoplasmic regions or hidden within the membrane. The variety of binding sites for low-molecular weight compounds does not seem surprising, but, as we have seen, large molecules like α-neurotoxins or Ly6 proteins can find the attachment sites on the nAChRs. Interestingly, even much larger molecules can bind to the nAChRs: We have recently shown that phospholipases A2 from the venoms of snakes belonging to different genera and families interact with the nAChRs of α7 and muscle types. First, it was shown that a protein, bitanarin, isolated from the venom of the puff adder Bitis arietans and possessing high phospholipolytic activity, blocked nAChRs of the α7 and muscle types [92] . Further studies of phospholipases A2 (Figure 2e ) were performed with enzymes from the venoms of vipers Vipera ursinii and V. nikolskii, cobra Naja kaouthia, and krait Bungarus fasciatus. These studies demonstrated that all tested phospholipases A2 suppressed the acetylcholine-or cytisine-elicited currents in the L. stagnalis neurons and competed with α-bungarotoxin for binding to muscle-and neuronal α7-types of nAChR [93] .
A continued exploration of compounds from Viperidae snake venoms that might interact with nAChRs resulted in identification of one more type of proteins capable of blocking nAChRs. These are the so-called C-type lectin-like proteins (CTLs, Figure 2f ). We have shown that CTLs from the venoms of B. arietans and Echis multisquamatus block acetylcholine-induced currents in identified neurons of L. stagnalis [94] . Taking into account the above-mentioned ability of phospholipases A2 to block nAChRs, we can conclude that the snake venoms contain a broad range of proteins with different structures and activities capable of interacting with nAChRs with different affinities.
Conclusions
The results presented convincingly demonstrate that low-molecular weight compounds as well as peptide and protein neurotoxins are invaluable assistants to elucidate the mechanisms of nAChR functioning, to understand the reasons why their normal functions are disturbed and to try to find reliable ways to diagnostics and drug design. It was mentioned that it is the large size of nAChRs, built of five transmembrane subunits and having large ligand-binding and cytoplasmic domains, which creates a possibility of forming diverse binding sites with high or low affinity recognized by structurally very different compounds. In this mini-review we did not deal with the compounds which have binding sites within the membrane (channel blockers [95, 96] , some positive allosteric modulators [97, 98] , binding sites of local anesthetics [99, 100] ) or at the cytoplasmic surface (like rapsyn [101] or muscle-specific tyrosine kinase [102, 103] ), but concentrated on those which are bound at the nAChR N-terminal ligand-binding domain and act mostly as agonists or antagonists. The ideas of the three-dimensional structures of these sites in the different nAChR subtypes were formulated based mainly on the cryo-electron microscopic structure of the Torpedo californica nAChR [7] , X-ray structures of the AChBP complexes and computer modeling [104] , as well as on the X-ray structures of prokaryotic ligand-gated ion channels [105] [106] [107] . The correctness of this approach was recently confirmed by the X-ray structures of the Glu-Cl channel from C. elegans [108] , as well as mammalian 5-HT3 [109] and GABAA [110] receptors with certain compounds at the ligand-binding sites. All these structures demonstrate that the ligand-binding site has a limited size, with the major role played by several aromatic residues ("aromatic box"). The available X-ray structures demonstrated that low-molecular-weight compounds, like nicotine, are practically completely buried in the binding site, whereas for larger molecules, such as peptide α-conotoxins, only about half of the molecule lies within the receptor. Similarly, a crucial contribution to the binding of protein α-neurotoxins comes from the tip of the central loop being immersed in the ligand-binding site. Thus, the discussion in this review of the low-molecular weight compounds together with peptides and proteins, all interacting with the ligand-binding sites, is justified because a lot of work is still required to identify the crucial common elements which would provide a higher affinity and better selectivity for the particular nAChR of interest in order to help in diagnosing and treating neurodegenerative and other diseases.
